Cap-dependent and internal ribosomal entry site (IRES)-mediated translation are regulated differently within cells. Viral IRES-mediated translation often remains active when cellular cap-dependent translation is severely impaired under cellular stresses induced by virus infection. To investigate how cellular stresses influence the efficiency of viral IRES-mediated translation, we used a bicistronic luciferase reporter construct harbouring IRES elements from the following viruses: encephalomyocarditis virus (EMCV), foot-and-mouth disease virus (FMDV), hepatitis C virus (HCV) or human rhinovirus (HRV). NIH3T3 cells transfected with these bicistronic reporter constructs were subjected to different cellular stresses. Increased translation initiation was only observed under amino acid starvation when EMCV or FMDV IRES elements were present. To identify cellular mechanisms that promoted viral IRES-mediated translation, we tested the involvement of eukaryotic initiation factor 4E-binding protein (4E-BP), general control non-depressed 2 (GCN2) and eukaryotic initiation factor 2B (eIF2B), as these are known to be modulated under amino acid starvation. Knockdown of 4E-BP1 impaired the promotion of EMCV and FMDV IRES-mediated translation under amino acid starvation, whereas GCN2 and eIF2B were not involved. To further investigate how 4E-BP1 regulates translation initiated by EMCV and FMDV IRES elements, we used a phosphoinositide kinase-3 inhibitor (LY294002), an mTOR inhibitor (Torin1) or leucine starvation to mimic 4E-BP1 dephosphorylation induced by amino acid starvation. 4E-BP1 dephosphorylation induced by the treatments was not sufficient to promote viral IRES-mediated translation. These results suggest that 4E-BP1 regulates EMCV and FMDV IRES-mediated translation under amino acid starvation, but not via its dephosphorylation.
INTRODUCTION
The translation of eukaryotic and viral mRNA can be initiated either by cap-dependent scanning (Shatkin, 1985) or by the direct binding of a ribosome to a unique RNA element called the internal ribosomal entry site (IRES) (Hellen & Sarnow, 2001; Pelletier & Sonenberg, 1988; Pestova et al., 2001; Stoneley et al., 1998) . Cap-dependent translation is initiated by recognition of the cap structure at the 59 end of the mRNA by the eukaryotic initiation factor 4E (eIF4E), which forms the eIF4F complex with eIF4G and eIF4A (Gebauer & Hentze, 2004; Shatkin, 1985) . The eIF4F complex guides the activated 40S subunit of the ribosome, containing the ternary complex (Met-tRNA i -eIF2-GTP), to the 59 end of the mRNA through its association with eIF3 . This complex travels along the 59 UTR of the mRNA until it reaches the first AUG codon, where the 60S ribosomal subunit joins to form the 80S ribosome, initiating the elongation phase (Gebauer & Hentze, 2004) . In contrast, certain cellular and viral mRNAs are translated via IRES-mediated translation (Hellen & Sarnow, 2001 ; Pelletier & Sonenberg, 1988; Pestova et al., 2001; Stoneley et al., 1998) . IRES elements were first discovered in the mRNAs of members of the family Picornaviridae (Pelletier & Sonenberg, 1988) . Since then, several other viral and cellular mRNAs have been reported to contain an IRES element (Fernandez et al., 2001; Holcik et al., 1999; Johannes & Sarnow, 1998; Macejak & Sarnow, 1991; Stoneley et al., 1998) . The IRES contains a high degree of RNA secondary structure and recruits the 40S ribosomal subunit in close proximity to the initiation codon in a cap-independent manner. Most eukaryotic initiation factors involved in cap-dependent translation are also implicated in IRESdependent translation (Hellen & Sarnow, 2001 ). In addition, cellular proteins known as IRES trans-acting factors (ITAFs) are also required for efficient IRES-mediated translation (Komar & Hatzoglou, 2005; Martínez-Salas et al., 2001) . The subset of ITAFs that regulate translation initiation appear to be specific to each IRES element (Komar & Hatzoglou, 2005) .
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On: Thu, 13 Dec 2018 00:07:56 protein synthesis is impaired, while translation driven by IRES elements is often maintained or even upregulated Stoneley & Willis, 2004; Subkhankulova et al., 2001) . This feature of IRES-mediated translation has led to the belief that cellular mRNAs containing an IRES element may play a critical role in maintaining cellular homeostasis, or to induce apoptosis under cellular stress conditions (Holcik, 2003; Yamasaki & Anderson, 2008) . There has been significant investigation into how cellular mRNA containing an IRES element can be translated under different cellular stress conditions (Chappell et al., 2001; Nevins et al., 2003; Pyronnet et al., 2000; Van Eden et al., 2004) . For example, amino acid starvation increases translation initiated by the CAT-1 IRES element in C6 rat glioma cells, whilst cap-dependent translation is severely impaired (Fernandez et al., 2001) . Translation initiation from other cellular IRES elements has been also shown to be upregulated under different cellular stress conditions such as hypoxia, apoptosis or heat shock (Akiri et al., 1998; Holcik & Korneluk, 2000; Lang et al., 2002; Macejak & Sarnow, 1991; Mitchell et al., 2001; Stein et al., 1998) .
Cellular stresses activate stress-response pathways and can lead to impairment of cap-dependent translation, induction of apoptosis, inhibition of DNA synthesis and cell-cycle arrest (Clemens, 2001; Pearce & Humphrey, 2001) . The suppression of cap-dependent translation is generally caused by eukaryotic initiation factor 4E-binding proteins (4E-BPs) or by eukaryotic initiation factor 2 a (eIF2a) phosphorylation (Fig. 1) . Under normal conditions, an active mammalian target of rapamycin (mTOR) pathway maintains phosphorylation of 4E-BPs and promotes cap-dependent translation (Fig. 1a) . When the mTOR pathway is inhibited under cellular stress, 4E-BPs undergo dephosphorylation and bind tightly to eukaryotic initiation factor 4E (eIF4E). As eIF4E bound to 4E-BPs is unable to interact with the cap structure of mRNA, cap-dependent translation is suppressed. GTP-bound eIF2 is essential for association of methionyl-tRNA (Met-tRNA i ) with the 40S ribosomal subunits (Pain, 1996; Proud, 2005) . At the end of translation initiation, eIF2 is released as eIF2-GDP, which is continuously recycled to eIF2-GTP by the catalytic activity of eIF2B (Fig. 1b) (Kimball, 1999; Proud, 1992) . The phosphorylated eIF2a sequesters eIF2B and thus inhibits initiation of cap-dependent translation (Deng et al., 2002; Hershey, 1991) . There are four known kinases [general control nondepressed 2 (GCN-2), haem-regulated eIF2a kinase (HRI), dsRNA-activated protein kinase-like ER kinase (PERK), and dsRNA-dependent protein kinase (PKR)] that modulate phosphorylation of eIF2a in response to cellular stresses (Kimball, 2001; Price & Proud, 1990; Wek et al., 2006) . IRES-mediated translation is a great advantage for viruses harbouring an IRES, as viral proteins can continue to be generated efficiently during cellular apoptosis or death. In contrast to cellular IRES-mediated translation, however, few studies have addressed the efficiency of viral IRESmediated translation under cellular stresses. In this study, we investigated whether and how cellular stresses modulate translation initiation by viral IRES elements.
RESULTS

Identification of cellular stresses that promote viral IRES-mediated translation
To evaluate the efficiency of viral IRES-mediated and capdependent translation under cellular stresses, we used pRF bicistronic reporter constructs containing an IRES element from encephalomyocarditis virus (EMCV), foot-and-mouth disease virus (FMDV), human rhinovirus (HRV), hepatitis C virus (HCV) or the empty vector (pRF). The reporter construct generates a single mRNA containing a viral IRES element between Renilla and firefly luciferase sequences in transfected cells. Renilla luciferase activity represents capdependent translation, as its translation is initiated by the cap structure at the 59 UTR of the mRNA. In contrast, firefly luciferase activity represents viral IRES-mediated translation. NIH3T3 cells were transfected with the bicistronic reporter or the control pRF construct and, 24 h later, subjected to cellular stresses including amino acid starvation, glucose starvation, oxidative stress, serum starvation and UV irradiation (Fig. 2) . EMCV and FMDV IRESmediated translation was increased significantly under amino acid starvation, whereas cap-dependent translation was not (Fig. 2a) . As a result, the ratio of EMCV and FMDV IRES-mediated translation to cap-dependent translation was increased significantly under amino acid starvation. In addition, although HRV also gave a higher ratio, this was a result of decreased cap-dependent translation and sustained IRES-mediated translation, but not that of increased IRES-mediated translation. The other cellular stresses that we tested did not promote translation mediated by any viral IRES elements or change the ratio between viral IRES-mediated and cap-dependent translation (Fig. 2b-e) . Oxidative stress did not reduce cap-dependent translation of the bicistronic reporter construct (Fig. 2c) . It is known that the concentration of H 2 O 2 used in the experiment induces cellular stress that suppresses cap-dependent translation of host cells, but not that of reporter constructs (Gendron et al., 2011; Yeh et al., 2011) .
Amino acid starvation and viral IRES-dependent translation
To further confirm the regulation of viral IRES-mediated translation under amino acid starvation, we examined whether the efficiency of translation initiation by the FMDV IRES element was enhanced in response to decreasing concentrations of amino acids. NIH3T3 cells transfected with FMDV IRES or control pRF reporter constructs were incubated with culture medium containing different amounts of amino acids (16, 0.56, 0.256, 0 .1256 concentration of standard Dulbecco's modified Eagle's medium (DMEM) or no amino acids) for 6 h. Reduction of amino acid in culture medium increased FMDV IRES-mediated translation in a concentration-dependent manner (Fig. 3a) . In addition, the translation ratio of FMDV IRES-mediated to cap-dependent translation was increased significantly. We also determined whether the promotion of FMDV IRES-mediated translation by amino acid starvation is a cell-type-specific phenomenon (Fig. 3b) . Human colorectal carcinoma cells (HCT116), human hepatoma cells (Huh7), mouse fibroblast cells (NIH3T3) and monkey kidney epithelium cells (Vero) were transfected with FMDV IRES or control pRF reporter constructs and then subjected to amino acid starvation. We found the promotion of FMDV IRES-mediated translation and the increases in the translation ratio of FMDV IRES-mediated to cap-dependent translation in HCT116 cells, NIH3T3 cells and Vero cells, but not in Huh7 cells. Although FMDV IRES activity was significantly higher in HCT116 and Vero cells starved for amino acids, this difference was not as pronounced as in NIH3T3 cells. This suggests that the cellular machinery responsible for the promotion of the IRES-mediated translation is not commonly present in different types of cell lines. We have demonstrated previously that the reporter constructs used in this study do not generate spurious mRNA-splicing events or have a cryptic promoter (Licursi et al., 2011) . However, it is still possible that the cellular stress caused by amino acid starvation may modulate transcription and stability of the reporter mRNAs, contributing to the changes in luciferase activities. To examine this possibility, we compared expression levels of firefly and Renilla luciferase reporter mRNA in NIH3T3 cells under amino acid starvation by realtime quantitative (q)PCR (Fig. 3c ). The expression levels of firefly and Renilla luciferase mRNA were not affected by amino acid starvation, confirming that the increase of firefly luciferase under amino acid starvation is induced at the translational level, but not at the transcriptional level.
Involvement of the mTOR-4E-BPs pathway in the regulation of EMCV and FMDV IRES-mediated translation
We sought to identify cellular mechanisms responsible for the promotion of EMCV and FMDV IRES-mediated translation under amino acid starvation. Amino acid starvation is known to suppress cap-dependent translation through three different cellular stress-response pathways: mTOR-4E-BPs (Kimball, 2001 ), GCN2-eIF2a (Harding et al., 2000) and eIF2B (Wang & Proud, 2008) (Fig. 1) . We hypothesized that these pathways might also be involved in the promotion of viral IRES-mediated translation. To determine the involvement of the mTOR-4E-BPs pathway, NIH3T3 cells were treated with a short interfering RNA (siRNA) targeting 4E-BP1 or a scrambled siRNA, or left untreated (Fig. 4) . Two days after the siRNA treatment, the cells were further transfected with EMCV IRES, FMDV IRES or control pRF reporter construct for 24 h and then subjected to amino acid starvation for 6 h. The expression level of 4E-BP1 was effectively reduced in cells treated with the 4E-BP1 siRNA for 4 days (Fig. 4a) . Amino acid starvation promoted EMCV and FMDV IRES-mediated translation significantly in untreated cells and cells transfected with scrambled siRNA, whereas little promotion was observed in cells treated with 4E-BP1 siRNA (Fig. 4b ). These results demonstrate clearly that 4E-BP1 is involved in the promotion of EMCV and FMDV IRESmediated translation during amino acid starvation. To determine the involvement of the GCN2 pathway, the translation initiated by EMCV and FMDV IRES elements under amino acid starvation was examined in GCN2-knockout mouse embryonic fibroblasts (MEFs) and their wild-type counterpart (Fig. 5a ). The ratio changes of the viral IRES-mediated and cap-dependent translation under amino acid starvation were not affected by the absence of GCN2, suggesting that GCN2 is not involved in the regulation of viral IRES-mediated translation. Amino acid starvation has also been shown to inhibit eIF2B activity directly by modulating one of its subunits, eIF2Be, resulting in the suppression of cap-dependent translation (Wang & Proud, 2008) . To confirm this, we conducted Western blot analysis to examine whether phosphorylation of eIF2Be is modulated by amino acid starvation in our experimental system (Fig. 5b) . No changes in eIF2Be phosphorylation were observed in NIH3T3 cells under amino acid starvation compared with control cells. Therefore, it is unlikely that eIF2B plays roles in regulating EMCV and FMDV IRES-mediated translation. Overall, these results demonstrate that the mTOR-4E-BPs pathway promotes translation initiation by EMCV and FMDV IRES elements under amino acid starvation.
Involvement of dephosphorylation of 4E-BP1 in the regulation of EMCV and FMDV IRES-mediated translation
Dephosphorylated 4E-BPs induced by amino acid starvation block the binding of eIF4E to the 59-cap structure, thereby inhibiting cap-dependent translation. A decrease in active cap-dependent translation may free initiation factors, allowing them to bind the viral IRES elements, resulting in enhanced translation initiation. To test this hypothesis, we determined whether 4E-BP1 dephosphorylation leads to the promotion of EMCV and FMDV IRESmediated translation. To mimic 4E-BP1 dephosphorylation induced by amino acid starvation, we used LY294002 to inhibit phosphoinositide kinase-3 (PI3K) and Torin1 to inhibit the mTOR pathway, which are upstream pathways of 4E-BPs (Fig. 1a) . Amino acid starvation or treatment with LY294002 and Torin1 all decreased the phosphorylation level of 4E-BP1 to similar levels (Fig. 6a) . When NIH3T3 cells transfected with EMCV or FMDV IRES reporter constructs were treated with LY294002, we found that translation initiated by EMCV and FMDV IRES was not promoted, while the ratio of the viral IRES-mediated to cap-dependent translation was increased significantly, which was due to decreased cap-dependent translation and sustained IRES-mediated translation (Fig. 6b) . Similar results were obtained when cells were treated with the mTOR inhibitor Torin1 (Fig. 6c) . We next investigated whether withdrawal of a single amino acid was sufficient to promote viral IRES-mediated translation. Starvation of specific amino acids, such as leucine, has previously been shown to modulate the mTOR pathway and to induce dephosphorylation of 4E-BPs . As shown in Fig. 6(a) , leucine starvation, but not L-glutamine starvation, induced dephosphorylation of 4E-BP1 with very similar kinetics compared with complete amino acid starvation. However, the promotion of EMCV and FMDV IRES-mediated translation was only observed in starvation of complete amino acids, but not in leucine or Lglutamine starvation (Fig. 6d) . Both complete amino acid starvation and leucine starvation induced significant changes to the ratio of viral IRES-mediated to cap-dependent translation. Taken together, these results suggest that 4E-BP1 dephosphorylation does not promote EMCV and FMDV IRES-mediated translation, while it changes the ratio of the viral IRES and cap-dependent translation by inhibiting eIF4E function to initiate cap-dependent translation.
DISCUSSION
Virus infection induces cellular stress conditions, leading to activation of cellular stress-response pathways. IRESmediated translation has been considered as one viral strategy to ensure that protein production continues efficiently under cellular stress conditions where host capdependent translation is severely impaired. In this study, we first used bicistronic reporter constructs to screen the efficiency of viral IRES-mediated translation under different cellular stresses. We found amino acid starvation to be the only cellular stress tested that promoted translation initiated by EMCV and FMDV IRES elements. We further investigated the involvement of three major stress-response pathways modulated by amino acid starvation, mTOR-4E-BPs, GCN2 and eIF2B, in the promotion of viral IRES-mediated translation. We found that knockdown of 4E-BP1 impaired the promotion of viral IRES-mediated translation during amino acid starvation, whereas GCN2 and eIF2Be were seemingly not involved. This is the first study to systemically investigate translation efficiency initiated by viral IRES elements under cellular stresses and, furthermore, to identify the cellular machinery involved.
Post-translational modulation of 4E-BPs has been found to occur during infection with different viruses. EMCV and poliovirus (PV) infection increased levels of dephosphorylated 4E-BPs, which contributes to the shutoff of host protein synthesis (Gingras et al., 1996) . As eIF4E is not required for EMCV and PV IRES-mediated translation, production of viral proteins can be achieved in cells with dephosphorylated 4E-BPs. The dephosphorylation of 4E-BPs cells were incubated in control medium or serum-starved medium for 24 h. (e) UV irradiation: the cells were exposed to 80 J UV-C m "2 or left untreated and then lysed 3 h after the treatment. Firefly and Renilla luciferase units (RLU) were measured using the Dual-Luciferase reporter assay system. Firefly/Renilla represents the ratio of viral IRES-mediated translation to capdependent translation. White bars represent control conditions; black bars represent cellular stress conditions. Data are means±SEM of three independent experiments. Statistical analysis was conducted using a t-test; **P,0.01.
is also induced at the early stage of vesicular stomatitis virus (VSV) infection (Connor & Lyles, 2002) . VSV mRNA is capped at its 59 end; however, it was suggested that translation of viral mRNA can still be initiated with very low amounts of eIF4E, due to the short length of the 59 UTR (Connor & Lyles, 2002) . In contrast, other viruses such as adenovirus are known to promote phosphorylation of 4E-BPs to enhance cap-dependent translation for viral protein synthesis (Gingras & Sonenberg, 1997; Huang & Schneider, 1991) . Svitkin et al. (2005) demonstrated that overexpression of 4E-BP1 promotes EMCV IRES-mediated translation, suggesting that eIF4E availability regulates translation efficiency of the EMCV IRES element. Similar to these previous findings, we also observed the involvement of 4E-BP1 in the promotion of . Data are means±SEM of three independent experiments. Statistical analysis was conducted using a t-test; *P,0.05; **P,0.01.
EMCV and FMDV IRES-mediated translation. The knockdown of 4E-BP1 impaired the promotion of EMCV and FMDV IRES-mediated translation under amino acid starvation (Fig. 4) . Interestingly, however, we observed that amino acid starvation did not increase the efficiency of translation initiation of the other viral IRES elements (HCV and HRV), which, similarly to EMCV and FMDV IRES, do not require eIF4E for their translation initiation (Ohlmann et al., 1996; Pestova et al., 1996) . In addition, the other cellular stresses that we tested in this study, which are also known to induce 4E-BPs dephosphorylation (Hara et al., 1998; Kim et al., 2002; Rong et al., 2008) , did not promote EMCV and FMDV IRES-mediated translation. Therefore, these indicate that the eIF4E availability modulated by dephosphorylation of 4E-BP1 may not be the sole mechanism for the promotion of EMCV and FMDV IRES-mediated translation under amino acid starvation. More importantly, the promotion of the viral IRES-mediated translation was not observed under 4E-BP1 dephosphorylation induced by the PI3K inhibitor, mTOR inhibitor or leucine starvation (Fig. 6) .
Here, we propose three possible mechanisms of how 4E-BP1 might be involved in the promotion of EMCV and FMDV IRES-mediated translation under amino acid starvation. First, dephosphorylation of 4E-BP1 is essential, but not sufficient, as there are also other cellular mechanisms required for the promotion of the viral IRES-mediated translation. For example, amino acid starvation increases binding of ITAFs to the CAT-1 IRES element and efficiency of its translation initiation (Majumder et al., 2009) . Therefore, amino acid starvation may modulate the binding of ITAFs to the IRES elements in addition to 4E-BP1 dephosphorylation, whereas treatment with PI3K/mTOR inhibitor or leucine starvation only dephosphorylates 4E-BP1. Second, a specific phosphorylation status of 4E-BPs is required for the promotion of the viral IRES-mediated translation. There are multiple phosphorylation sites on 4E-BP1, which are regulated differently (Gingras et al., 1999 (Gingras et al., , 2001 Herbert et al., 2002 ). An mTOR inhibitor, rapamycin, can inhibit phosphorylation of Thr69 and Ser65 of 4E-BPs (Beugnet et al., 2003) . In contrast, phosphorylation of Thr37 and Thr46 of 4E-BP1 is amino acid-dependent, but rapamycin-insensitive (Beugnet et al., 2003; Gingras et al., 1999; Wang et al., 2005) . Therefore, a specific phosphorylation status of 4E-BP1 may be essential for the promotion of viral IRES-mediated translation under amino acid starvation. Finally, 4E-BP1 may regulate viral IRES-mediated Knockdown of 4E-BPs by 4E-BP1 siRNA treatment. NIH3T3 cells were transfected with 4E-BP1 siRNA or left untreated (C) for 1-4 days. Western blot analysis using antibodies against total 4E-BP1 (t-4E-BP1) and total ERK (t-ERK) was performed. (b) Promotion of viral IRES-mediated translation in 4E-BP1 siRNA knockdown cells under amino acid starvation. NIH3T3 cells were transfected with 4E-BP1 siRNA, non-specific siRNA (Scrambled siRNA) or left untransfected (Control). Forty-eight hours postsiRNA treatment, cells were transfected with EMCV IRES, FMDV IRES or control pRF reporter constructs and, 24 h later, incubated in control (white bars) or amino acid-starved [AA(")] (black bars) medium for 6 h. Firefly and Renilla luciferase units (RLU) were measured using the Dual-Luciferase reporter assay system. Firefly/ Renilla represents the ratio of viral IRES-mediated translation to cap-dependent translation. The bars represent the means±SEM of three independent experiments. Statistical analysis was conducted using a t-test; **P,0.01. Viral IRES-mediated translation under cellular stresses translation via a downstream element distinct from eIF4E. Although 4E-BP1 exerts a broad range of cellular functions, such as translation, regulation of cell growth and oncogenesis (Dowling et al., 2010; Petroulakis et al., 2009; She et al., 2010) , the regulation of eIF4E by dephosphorylated 4E-BP1 is currently the only pathway identified. However, there may be unidentified downstream roles played by 4E-BP1 that are responsible for promotion of the viral IRES-mediated translation.
We found that FMDV IRES-mediated translation was promoted under amino acid starvation in NIH3T3, HCT 116 and Vero cells, but not in Huh7 cells, suggesting a celltype-specific event (Fig. 3b) . Different cellular components such as stress-response pathways, 4E-BP and ITAFs are required for the promotion of viral IRES-mediated translation. The activity of the cellular components varies depending on cell origin and degree of transformation, which may contribute to the differences seen between cell types regarding IRES-mediated translation under amino acid starvation. IRES-mediated translation is a critical step in the replication cycles of picornaviruses and HCV. In this study, by screening the relationship between cellular stresses and viral IRES-mediated translation, we identified 4E-BP1 as a cellular factor that increases translational initiation from EMCV and FMDV IRES elements. Our findings are essential to the understanding of the replication strategies of viruses containing an IRES element and to the identification of targets for the development of antiviral drugs. The mechanism of action of 4E-BP1 is still uncertain and warrants further studies. New techniques, such as RNA-affinity chromatography and mass spectrometry, have recently been developed to identify novel ITAFs (Lewis et al., 2007; Pacheco et al., 2008) ; these may be a powerful tool to further clarify cellular elements responsible for the promotion of viral IRES-mediated translation. The bars represent the means±SEM of three independent experiments. Statistical analysis was conducted with a t-test; *P,0.05; **P,0.01. Western blot analysis was performed using antibodies against total GCN2 (t-GCN2) and total ERK (t-ERK) on cell lysates prepared from with wild-type (WT) and GCN2-knockout (GCN2"/") MEFs (right). (b) eIF2Be phosphorylation under amino acid starvation. Cell lysates were prepared from NIH3T3 cells incubated in control (DMEM+10 % dialysed FBS) or amino acid-starved (Krebs-Ringer bicarbonate buffer+10 % dialysed FBS) [AA(")] medium at the indicated time points. Western blot analysis was performed using antibodies against phosphorylated eIF2Be (p-eIF2Be) and total ERK (t-ERK). were measured using the Dual-Luciferase reporter assay system. Firefly/Renilla represents the ratio of viral IRES-mediated translation to cap-dependent translation. White bars represent control conditions; black bars represent cellular stress conditions. Data are means±SEM of three independent experiments. Statistical analysis was conducted using a t-test; *P,0.05; **P,0.01.
Viral IRES-mediated translation under cellular stresses
METHODS
Cells and reagents. NIH3T3, HCT116, Huh7 and Vero cells were obtained from the ATCC. MEFs derived from wild-type and GCN2-knockout mice were kindly provided by Dr Nahum Sonemberg (McGill University, Montreal, Canada). All cell lines used in this study were maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) with 10 % FBS (Cansera). Antibody against phospho-eIF2Be was obtained from Upstate, those against total GCN2, total 4E-BP1 and phospho-4E-BP1 (Thr70) from Cell Signaling Technology, and antibody against total ERK from Santa Cruz Biotechnology. The inhibitors for PI3K and LY294002 were obtained from Calbiochem; Torin1 was kindly provided by Dr David Sabatini, Whitehead Institute for Biomedical Research (Cambridge, MA, USA).
Plasmids. The following viral IRES elements were used in this study: EMCV (Johansen & Morrow, 2000) , FMDV (Lafuente et al., 2002) , HCV (Lafuente et al., 2002) and HRV (Stoneley et al., 1998) . The bicistronic reporter constructs were prepared by inserting an IRES element into the bicistronic pRF vector as described previously (Licursi et al., 2011) .
Cellular stress induction. Bicistronic reporter constructs (1 mg per well) were transfected into cells plated in 24-well plates using Superfect (Qiagen) according to the manufacturer's instructions. At 24 h after transfection, cells were exposed to different cellular stresses. For amino acid starvation, cells were incubated with Krebs-Ringer bicarbonate buffer (Sigma) with 10 % dialysed FBS (Invitrogen) for 6 h. For glucose starvation, cells were incubated with glucose-free DMEM (Invitrogen) with 10 % dialysed FBS for 8 h. For serum starvation, cells were incubated with DMEM with 0.5 % FBS for 24 h. For oxidative stress, cells were treated with 8 mM H 2 O 2 (Sigma) for 8 h. For UV irradiation, cells were exposed to 80 J UV-C m 22 in a Stratalinker UV cross-linker (Stratagene). For leucine starvation, cells were incubated with Lglutamine, leucine-free DMEM (USBiological) with the addition of Lglutamine (Invitrogen). For glutamine starvation, cells were incubated with L-glutamine-free DMEM (Invitrogen).
Luciferase assay. Cells were washed with PBS and lysed with passive lysis buffer (Promega). Renilla luciferase and firefly luciferase activities were measured using the Dual-Luciferase reporter assay system (Promega). Cell lysates (10 ml) were mixed with luciferase assay reagent (50 ml) and luciferase activity was measured as relative light units (RLU) in a Fluoroskan Ascent (Labsystems) luminometer for 10 s.
Quantitative RT-PCR (RT-qPCR). Cytoplasmic RNA was isolated from cells using TRIzol (Invitrogen) according to the manufacturer's instructions. To remove plasmid DNA, isolated RNA was treated with Turbo DNA-free DNase (Ambion) according to the manufacturer's instructions. RNA (0.5 mg) was reverse-transcribed to cDNA from random hexamers using a First-Strand cDNA synthesis kit from Amersham Biosciences. RT-qPCR was performed using firefly luciferase and Renilla luciferase primers described by Holcik et al. (2005) , and specific primers for GAPDH (forward, 59-atcttcttttgcgtcgccag-39; reverse, 59-acgaccaaatccgttgactcc-39) . Primers were validated using a five-point, 5-fold dilution series of pRF plasmid spiked into RNA isolated from untransfected NIH3T3 cells. The absence of non-specific amplification was confirmed by observing a single peak in the meltcurve analysis, confirmation of the expected amplicon size by agarose gel analysis and the absence of amplification in the no-template control wells. qPCR was then performed in triplicate on a StepOnePlus (Applied Biosystems) using Power SYBR Green PCR Master Mix (Applied Biosystems). Cycling conditions were 95 uC for 10 min, 40 cycles at 95 uC for 15 s and 60 uC for 1 min followed by melt-curve analysis.
Western blot analysis. Cells were washed with PBS and lysed with RIPA buffer containing 0.1 % SDS, 10 mg aprotinin ml 21 , 100 mg PMSF ml 21 and 1 % phosphatase inhibitor cocktail (Sigma). The samples were subjected to SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). The membrane was blocked with 5 % skimmed milk in TBS containing 0.1 % Tween 20 and then incubated with the primary antibody (phospho-eIF2Be, total ERK, total GCN2, total 4E-BP1 or phospho-4E-BP1) followed by secondary antibody [peroxidase-conjugated anti-rabbit IgG (Santa Cruz Biotechnology)]. Specific bands were detected using ECL (Amersham Biosciences).
siRNA transfection. siRNA knockdown of 4E-BP1 was performed using 50 pmol eIF4E-BP1 ON-TARGETplus SMARTpool siRNAs ml 21 (Dharmacon) using DharmaFect1 transfection reagent (Dharmacon) according to the manufacturer's protocol. Forty-eight hours after siRNA transfection, cells were transfected with bicistronic reporter constructs and then subjected to amino acid starvation as described above. A scrambled control siRNA sequence obtained from Dharmacon was used as siRNA control.
